Abstract-Vacuum gap λ/2 microwave resonators are demonstrated as a route toward higher integration in superconducting qubit circuits. The resonators are fabricated from pieces on two silicon chips bonded together with an In-Sb bond. Measurements of the devices yield resonant frequencies in good agreement with simulations. Creating low loss circuits in this geometry is also discussed.
I. INTRODUCTION

S
UPERCONDUCTING qubits have progressed remarkably over the past decade. All the DiVincenzo criteria [1] have been met, with particularly large gains in energy relaxation time, T 1 , and coherence time, T 2 [2] . Large arrays of qubits have been tested [3] and rudimentary error correction has been demonstrated [3] , [4] . The next step towards larger qubit arrays will require demonstrating two dimensional tiling of qubits. Tiling in 2D provides enough connectivity between individual qubits for error correction using surface codes [5] . Other forms of error correction may require an even higher degree of connectivity.
However, connectivity in more than one dimension is difficult to create considering that the best qubit performance-long T 1 and T 2 times-have been achieved using minimalistic approaches that eschew deposited insulators. Both CVD deposited amorphous insulators such as SiO 2 and SiN have been found to contain broad distributions of two-level quantum systems (TLSs) [6] as have the Al 3 O 2 thermally oxidized tunnel barriers in the Josephson junctions [7] , [8] . The solution has been to avoid such defects by fabricating qubit circuits in one metal layer shared by planar resonators and qubit control wiring. Typically, Josephson junctions are added in a second metal deposition to the same metal layer [4] , [9] . Or, all circuitry except the qubit is removed and the qubit is entombed in a three dimensional microwave resonator [2] to be addressed by photons and perhaps an external coil for flux tuning. In either case, the lack of more than one wiring layer makes connecting circuits in anything but a one dimensional array nearly impossible.
A. Sample Design
Here, we discuss a way to achieve a second wiring layer and provide enough additional connectivity to tile qubits in 2D. Because deposited insulators contain too many TLSs and cause short T 1 , integration strategies for qubits must work without multilayer metal depositions. Instead, we propose using single layer metal depositions-as is current practice-on multiple wafers and bonding the wafers together. Elements of this idea have been proposed by [10] , [11] . Resonators fashioned from planes of metal separated by vacuum [12] , and silicon [13] , [14] have also been demonstrated. Here we demonstrate a microstrip λ/2 microwave resonator with a vacuum gap fabricated from two silicon chips bonded together using a low temperature In or In-Sb bond. Samples were fabricated from sputtered Nb films [15] and dry etched. Fig. 1 shows several micrographs illustrating the fabrication of the λ/2 vacuum gap micro-strip resonator. Fig. 1(a) shows the 6 mm by 6 mm base or mother chip which contains the bonding pads, the microwave tapers, and feed lines. The balance of the mother chip is ground plane which forms the lower half of the micro-strip line. Areas underneath the signal line are unbroken Nb film, but areas more than 60 micrometers away from the line feature flux trapping moats. The three λ/2 signal lines are fabricated from Nb on a separate daughter chip shown in Fig. 1(b) . The three lines are approximately 22 mm, 23.2 mm, and 24 mm long and 5 micrometers wide except for the ends which broaden to provide capacitive coupling to the microwave feed lines on the mother chip. Both the mother and daughter chips have large area wafer bonding pads near the upper and lower edges, outlined in black dashed lines in Fig. 1(a) and (b) .
Bonding between the mother and daughter chips is performed using an FC-150 flip chip/die bonder. The goal of our flip chip bonding was to find a recipe compatible with the Al\AlOx\Al Josephson junctions used for quantum computing [16] . While we did not perform an exhaustive study, we achieved acceptable results-chips aligned and bonded-with a variety of parameters. The bonder allows control of pressure, typically 4 kg to 5 kg (39 N to 50 N of force), and temperature, between 90°C and 170°C, and an infra-red camera permits alignment at the ∼10 micrometer level. The bonding material was In or In-Sb deposited on both mother and daughter chips. More durable and stronger bonds were obtain using In/Sb at the upper end of this temperature. The bonding material is thick enough to provide ∼1 micrometer separation between the mother and daughter chips after the bond is formed. Simulations [17] suggest a spacing somewhat less than 1 micrometer-about 0.7 micrometers. Larger separations could be obtained by patterning bond-stop structures of characteristic height.
Capacitive coupling to the micro-strip signal line from the incoming co-planar waveguide is achieved with parallel plate capacitors formed where the line on the daughter chip crosses the feed on the mother chip. This crossing can be seen near the center of Fig. 1(c) where an SiO 2 dielectric was used instead of a vacuum gap. The area of each coupling capacitor on the sample shown here was 680 μm
2 . An infra-red camera image of the bonded mother and daughter chips is shown in Fig. 1(d) . Nb films shows up as dark regions while bare silicon appears light. On the left side of the chip, the microwave feeds for the three resonators can be seen. Moving to the right, each passes into a less clear region-under the daughter chip. Each feed is crossed by a micro-strip resonator line, a faintly visible vertical line only discernable at this scale in the area of the feeds. Fig. 2 shows measurements of transmitted microwave power (S 21 ) for the 23.2 mm λ/2 micro-strip resonator. Measurements were taken using a network analyzer with the sample immersed in liquid helium (solid blue) and with the sample withdrawn out of the helium (dotted red) to warm the Nb films to the normal state. No flux shielding was used, and the microwave power was set at −30 dBm (1 μW) to ensure no heating of the sample. The measured resonant frequency is 4.857 GHz. The full width at half max is about 9 MHz giving the resonator a Q 540. Modelling of this circuit using the Sonnet Lite software suite [17] yields a resonant frequency, f r ≈ 5 GHz with a vacuum gap, h = 1 micrometer, between the signal line and the ground plane. The exact value of f r is a sensitive function of h and is not well controlled or characterized other than with the microwave measurement in our samples. In simulations, f r increases as h increases. Other factors not included in these simulations are the kinetic inductance of the 5 micrometer wide microwave line and the inductance added by flux trapping features in the ground plane. The low measured resonant frequency suggests the separation between the signal line and the ground plane, h ࣘ 1 micrometer and consequently, the effective dielectric constant is relatively high.
B. Measurements
The measured Q can be broken up into an an external Q L , due to the 50 Ω transmission lines loading the resonator and an internal Q i attributable to losses in the resonator where 1/Q = 1/ Q L + 1/Q i . We estimate the coupling capacitances as C c ≈ 10 fF each, allowing an estimate of Q L ≈ 1000. We consequently conclude Q i ≈ 1000 also and is mostly due to a large population of thermally excited quasi-particles present at 4 K leading to enhanced surface losses as well as a contribution from the exposed SiO 2 on the daughter chip around the micro-strip line. For the purposes of quantum computing, the Q i measured here is low. However, Q i in planar microwave resonator circuits measured at temperatures below 0.1 K have exceeded 10
6 [18] . Applying similar care to the samples used here, and performing the measurements under similar conditions, we would expect comparable results.
C. Simulations
Fabricating devices with low dielectric loss elements is essential to produce microwave structures of high quality factor, Q = f 0 /Δf, where f 0 is the resonant frequency and Δf is the full width at half maximum. Vacuum is the ideal low loss dielectric. Fig. 3 plots the electrostatic potential in a cross-sectional view around a micro-strip transmission line with a vacuum gap between the ground plane and the signal line. The bottom edge of each simulation is grounded (long gray bar). A signal line of width w = 1 in normalized units (short gray bar) is located a distance of h = 0.5, 1, or 2 units above the ground plane and is backed by a silicon wafer with ε r = 11.8 which fills the space above the horizon-where a cusp in many of the exponential lines exists-and stays constant in thickness. The region between the ground plane and the horizon is vacuum and increases in thickness with h/w. Fig. 3 illustrates that the electric field in a micro-strip line can be mostly excluded from the daughter chip, by spacing the mother chip and daughter chip sufficiently far apart. Simulations are shown for h/w = 0.5 (3a), for h/w = 1 (3b), and for h/w = 2 (3c). The color scale runs from 0 or ground (dark blue) to 1 Volt (red) in each simulation. Five equipotential lines are shown at values of 0.1, 0.3, 0.5, 0.7, and 0.9 Volts. Larger h leads to greater separation between equipotential lines between the two conductors and in the area of the plot above the horizon-the silicon substrate. Since the electric field is the gradient of the electric potential, Fig. 3 shows that by sufficiently separating the ground and signal components of a vacuum gap micro-strip line, a structure with very low participation of either substrate can be achieved.
II. CONCLUSION
We fabricated and tested vacuum-gap λ/2 micro-strip microwave resonators to demonstrate a possible path towards superconducting qubit integration in 2D or higher dimensions. We have presented simulations and data showing that this architecture has potential to couple qubits with low loss. The resonant frequencies measured are in good agreement with finite element simulations of the sample.
